Introduction

1.1) Chemical Syntheses Using CO 2
The development of methods to activate and use CO 2 to prepare chemicals and materials is an attractive research goal. Carbon dioxide is abundant, renewable, of low toxicity and is emitted as a waste product from a myriad of industrial processes. A longstanding goal of synthetic chemistry has been to develop catalysts and processes which consume it, however, such reactions pose significant challenges. [1] [2] [3] [4] As the most highly oxidized state of carbon, CO 2 is the lowest energy state of all carbon-containing 15 binary neutral species: indeed, CO 2 and water are the end-products of most energy releasing processes, including combustion and metabolic pathways. Table 1 illustrates the free energy of formation of C-1 molecules: the large energy required to reduce it is the most significant obstacle. This energy can either be directly input as physical energy or indirectly via the use of reactive chemical species as reagents; it is the latter strategy which powers the copolymerisation of epoxides and CO 2 .
20 Table 1 . The free energies of formation of selected C-1 molecules. Nature is successful in transforming approximately 200 billion tonnes/year of CO 2 into carbohydrates via photosynthesis. Synthetic chemistry has been less successful, so far there are only a limited range of reactions which can transform CO 2 to useful products, those that yield materials with high market volumes and/or economics are even scarcer. Successful reactions include the 25 synthesis of urea (146 Mt/y, 2008) , inorganic carbonates (45 Mt/y, 2008, mostly Na 2 CO 3 via the Solvay process), methanol (6 Mt/y), salicylic acid (60 kt/y, 2003, via the Kolbe-Schmitt process), organic carbonates (100 kt/y, 2009; the subject of recent reviews) 6, 7 and polycarbonates (a few kt/y). Current production volumes for aliphatic polycarbonates produced from CO 2 are small, 8 however, the polycarbonates sector as a whole is large and growing. In Asia alone the sector is forecast to grow by 8-10%, resulting in the construction of new polycarbonate plants and opportunities for new technologies. 6 Finally, it is important to note series of reactions leads to copolymerisation. In principle this should lead to a copolymer with only carbonate linkages (100% carbonate), however, some catalysts can also homopolymerise epoxides or undergo decarboxylation reactions, and therefore, form ether linkages in the copolymer backbone (thus, in the review the % carbonate incorporation is noted). In a controlled copolymerisation, the initiation reaction occurs more rapidly than propagation and leads to a degree of polymerisation (DP) dependent on the concentration of catalyst. The DP correlates with the number average molecular weight M n (henceforth referred 5 to as the molecular weight). The degree of control is judged by the fulfillment of the following criteria: linear increase in M n with % conversion, linear increase in M n with 1/[initiator] 0 , narrow polydispersity index (PDI = M w /M n ), the ability to undergo sequential monomer addition (i.e. to enable block copolymer construction), high k i /k p (where k i = rate of initiation, k p = rate of propagation,) and a high k p /k tr (where k p = rate of propagation, k tr = rate of intramolecular chain transfer). There are two possible chain transfer reactions: intramolecular back-biting and/or reaction with externally added alcohol/water/acid. The back-biting 10 reaction occurs when the metal alkoxide chain end attacks a carbonate linkage on the copolymer chain forming a cyclic carbonate by-product and re-generating a metal alkoxide/X species. Five membered ring carbonates are thermodynamically stable and do not undergo any further ring-opening polymerisation; they are often produced as by-products. In the review, catalysts that are particularly selective for sequential copolymerisation vs cyclic carbonate production (% Selectivity) are highlighted. Chain transfer reactions can also occur if the reaction mixture is exposed to alcohols or water (this frequently occurs via contaminants), 15 forming a hydroxyl terminated copolymer chain and a new metal alkoxide/hydroxide species, which can initiate/propagate. Chain transfer reactions result in a reduction in the number of repeat units and M n and a so-called 'immortal polymerisation'. 16
1.4) Scope of the Review
This review focuses on the catalysts for CO 2 -epoxide copolymerisation. The key criteria for assessing catalyst performance 20 include the productivity (defined as turn-over-number, TON), activity (turn-over-frequency, TOF) and the quality of the copolymer produced (% Carbonate, % Selectivity, M n ). In this article, for all homogeneous catalysts the TONs are defined as moles of epoxide consumed/mole of metal in the catalyst (in order to compare mono-, di-and multi-metallic catalysts) and the TOF is TON/h. For the heterogeneous catalysts the TONs are generally reported as g copolymer/g catalyst, and the TOF is TON/h. Another important consideration are the conditions under which the catalyst will operate, including the pressure of CO 2 25 (here, reported in the SI unit: atmospheres, atm. Where 1 atm = 0.1 Mpa, 1.01 bar, 14.7 psi, 760 mmHg), temperature (reported in °C) and any additivies (co-catalysts or solvents). Conventionally the copolymerisation has been conducted using relatively forcing conditions, in particular high pressures of CO 2 . However, recently a number of groups, including our own, have reported catalysts capable of operating under mild conditions, including at 1 atm CO 2 pressure and/or at room temperature. These advances could be significant because they reduce the energy input to the reaction, thereby enabling CO 2 to be genuinely consumed. 30 Recently there have been a number of interesting developments in the copolymerisation catalysis (sections 2 and 3) and copolymer properties (section 4) which will be highlighted in this feature article. The field has been comprehensively reviewed several times before; 11, 17-22 the most recent comprehensive review was published by Coates in 2004 17 and therefore this review focuses on developments since then (until June 2010). In particular, it was shown that highly active zinc β-diiminate catalysts 35 exhibit a bimetallic active site, 15 a finding that corroborates earlier mechanistic proposals (Fig. 3) . 11 The proposed bimetallic mechanism has led to the deliberate preparation of various new bimetallic catalysts some of which show improved productivity and activity. Metal salen complexes are a very promising class of catalyst and have been comprehensively reviewed by Darensbourg, in 2007 . 18 Recent developments, highlighted here, include the preparation of Cr(III) or Co(III) salen complexes and the single component catalysts where the co-catalyst is encorporated into the salen backbone via a saturated linking group. There 40 have also been developments with more exotic ligands, metals and heterogeneous catalysts which will be briefly summarised. The preparation of catalysts able to operate under very low pressures of CO 2 significantly improves the energy balance of the copolymerisation and throughout the review we will draw particular attention to catalyst operating at 1 atmosphere pressure CO 2 . So far, only a narrow range of epoxides have been studied, with the majority of studies addressing copolymerisations of CO 2 and either cyclohexene oxide (CHO) or propylene oxide (PO) which restricts the range of properties and potential applications for the made structure/activity relationships, and therefore catalyst design, very tough. This, combined with the highly polydisperse copolymers produced, due to inequivalent active sites and a generally low CO 2 incorporation, drove the development of well defined homogeneous catalysts and enabled significant developments in mechanistic understanding and catalyst design/activity. The first homogeneous catalysts (aluminium tetraphenylporphyrin (tpp) complexes) were also reported by Inoue, in 1978. 24 These were active for the copolymerisation of both CHO and PO, with EtPh 3 PBr as a co-catalyst, producing copolymers with molecular 5 weights between 3500 and 6000, with polydispersity indices (PDIs) below 1.10, although the reactions took 13 days to reach completion. The development of discrete zinc bis-phenoxide complexes was an important breakthrough as the first highly active well-defined zinc complexes, however these catalysts produced polymers with very high polydispersity indices (probably due to catalyst aggregation phenomena) and as they were found to be active for epoxide homopolymerisation, leading to high proportions of 10 ether linkages. [25] [26] [27] [28] [29] [30] [31] Figure 3. Zinc β-diiminate complexes and proposed bimetallic transition state.
The next major breakthrough came from Coates and co-workers who reported a series of zinc β-diiminate complexes which showed much greater activity. A variety of substituents and initiating groups were investigated, and the influence correlated with 15 activity. 32, 33 Depending on the steric bulk of the substituents R 1 and R 3 ( Fig. 3) , and the initiating groups, the complexes could form dimeric structures both in the solid state and in solution. Complexes with extremely bulky substituents (e.g. 1c, Fig. 3 ) formed tightly held dimers and showed limited activity with CHO, whilst sterically unencumbered complexes (1a) gave a monomeric structure which showed similarly low activity. 15 High activity with CHO was attained where the steric environment promoted loosely held dimeric structures such as with 1b, where a TOF of 729 h -1 was reported at 50 °C and 7 atm, producing a 20 copolymer with 99 % carbonate linkages, a M n of 23,300 and a PDI of 1.15, showing excellent control. The introduction of an electron withdrawing cyano-group on the backbone increased the activity further; 1d giving a TOF of 917 h -1 at 50 °C and 7 atm.
A similar zinc methoxide complex, 2, gave an unprecedented TOF of 2290 h -1 under the same conditions, although only 90 % carbonate linkages were observed. 34 As with other zinc complexes, up to 5 % cyclic carbonate was observed. The complexes were less active with PO, the best TOF achieved being 235 h -1 with complex 3 at 25 °C and 7 atm. 35 A copolymer selectivity of only 75 25 % was observed, but a reasonable molecular weight of 36,700 was reported. It was suggested that the mechanism involved a bimetallic pathway (Fig. 3) , with one metal pre-coordinating the epoxide, enabling a second metal to feed the growing copolymer chain to ring-open the epoxide. This mechanistic proposal has since led to the preparation of many bimetallic zinc complexes. 1 H NMR spectroscopy e) determined by gel permeation chromatography (GPC) using polystyrene standards f) not specified g) figures taken from similar catalyst run as actual figures not mentioned. 1 H NMR spectroscopy e) determined by GPC with broad polystyrene standards f) not specified g) bimodal weight distribution observed. 10 In 2005, Lee and co-workers reported a series of zinc anilido-aldimine complexes (Fig. 4, 4a-f ) which showed extremely high TONs (700-3000) for the production of PCHC, as well as having high molecular weights (90,000-280,000). 49 The PDIs (1.30-1.70), were somewhat broad, and the carbonate inclusion ranged from 85-96 %, a common feature of zinc catalysts. The catalysts were the first discrete complexes to yield copolymers of such high molecular weights and TONs, because they could operate under lower loadings (down to 1:16,800, catalyst:CHO) than previously reported catalysts. Structural variation revealed that bulky 15 R groups on the phenyl rings linking with the ligand backbone reduced the activity (4f), whilst a bulkier R' group on the terminal phenyl rings (4c and 4e) increased the activity. This latter effect reflected similar structure/activity studies carried out with the zinc BDI complexes. Interestingly, similar macrocyclic complexes showed no activity at all. A series of fluorinated analogues were later synthesised by the same group. 42 The same structure/activity relationships were observed, with 5 being the most active. Under the same conditions (1:5600, 80 °C, 14 atm) fluorinated 5 showed a TOF of 785 h -1 , approximately 2.5 times greater than its unfluorinated analogue (4c). This increase in activity was attributed to two effects: Firstly, the electron-withdrawing fluorine substitutents could reduce the electron density at the metal centres, aiding CO 2 /epoxide binding, and secondly, the electron-withdrawing fluorines could decrease the basicity of the anilido nitrogen donor, making the complex less sensitive to protic impurities. This second influence was used to rationalise the increased stability of the complex under even lower catalyst loadings (1:50,000) which gave much higher TON/TOFs of 9440 and 2860 h -1 , respectively, amongst 5 the highest activities attained with CHO. The fluorinated complexes produced PCHC of similar molecular weights (>100,000), however the PDIs were broader than their unfluorinated analogues (1.20-2.50) and the carbonate content was reduced to 60-80 %. The complexes were later shown to be inactive with PO. 46 In the same year, Xiao et al. reported a dizinc complex, coordinated with the Trost phenolate ligand, which was moderately active for CHO/CO 2 copolymerisation, although the precise nature of the catalyst was not described as it was prepared in situ by the reaction between the ligand, ZnEt 2 and ethanol (Fig. 5) . 50 The structure proposed was 6, and although a variety of alcohols were investigated, ethanol gave the best activity, producing PCHC with a TOF of 142 h -1 at 1:500 loading, 20 atm and 80 °C. Most interestingly, the catalyst was active under just 1 atm CO 2 pressure, albeit at a catalyst loading of 5 mol % (1:20), giving a TOF of 3 h -1 . Replacing the two zinc centres with magnesium (7) reduced the activity, under lower loadings, however the catalyst was 15 more active at 1 atm CO 2 pressure, producing a similar TOF at 60 °C instead of 80 °C. 51 The copolymers produced had reasonable weights (20,000-40,000), although the PDIs were around 1.60. Various attempts to further alter the catalyst structure of zinc BDIs have been reported, with limited success. A series of complexes with both a cyano group and an ethoxy group on the backbone were prepared (Fig. 6 ). Changing the aryl substituents showed that 8 was the most active, producing PCHC with a TOF of 210 h -1 , a result which correlates well with earlier detailed studies on BDI zinc complexes. 34 In general the carbonate inclusion was low, between 60-80 %, and the reactions were carried out under high pressures and temperatures (40 atm, 90-100 °C). 52, 53 A similar ligand formed clusters containing 12 zinc sites, and 25 was significantly less active, giving a best TOF of 50 h -1 , with only 34 % carbonate linkages and an extremely broad PDI (20), which is not surprising given the aggregated structure. A novel bimetallic BDI ligand structure (Fig. 6, 9a,b ) which places two zinc sites parallel to each other, rather than face to face, was prepared with the aim of testing any cooperative bimetallic mechanism. 55 The resulting dizinc complexes showed very low activity with CHO (max TOF 9 h -1 ), probably due to the catalyst steric bulk. The bridging of two BDI sites via para-and metasubstituted phenyl groups and meta-pyridinyl gave substantially more active complexes (with CHO), of which the best was 10 (Fig. 6) . 56 It showed a TON of 1196 and a maximum TOF of 262 h -1 , at 10 atm and 60 °C, with 99 % carbonate linkages, quite high molecular weights (45,000 -100,000) and PDIs of 1.20-1.40. Analogous calcium complexes were completely inactive. Our research group have reported a series of bimetallic complexes coordinated by a novel 'reduced Robson's type' macrocyclic ligand, which were highly active with CHO under 1 atm CO 2 pressure (See Table 5 for a comparison of catalysts active at this pressure). Complexes 11a-c ( Fig. 7) showed good activity at 1 atm CO 2 , 11a giving a best TOF of 13 h -1 at 100 °C. 43 Variation of the para-phenyl substituent showed an electron-donating methoxy group (11c) significantly reduced the activity. 57 The macrocyclic ligand environment and bimetallic structure were both proposed to be essential to the activity of the catalysts, as 10 'open' and monometallic analogues 13 and 14 (which are very active for lactide polymerisation) showed no activity. 58, 59 Trimetallic zinc complexes were easily formed in the presence of an excess of Zn(OAc) 2 . These trimetallic complexes (12a-c) showed reasonable activity at 1 atm pressure, but significantly less than their bimetallic analogues. This suggests the external metal centre is inactive, or at least much less active, towards CHO, and possibly blocks one face of the complex. This reinforces the proposal that the macrocyclic bimetallic environment is key to the high activity. 15 The copolymers produced were of low molecular weights (3,000 to 9,000), but had very narrow PDIs (<1.20). MALDI-ToF mass spectrometry of the PCHC showed acetate, hydroxyl and alcohol (cyclohexanol, cyclohexenol and cyclopentanol) ends groups, the latter of which were proposed to derive from Meerwein-Pondorff-Verley-Oppenauer (MPVO) side reactions between the zinc catalyst and CHO. Thus, the alcohols and contaminating water were efficient chain transfer agents reducing the molecular weights. 60 Catalyst 11a successfully copolymerised unpurified (i.e. wet) CHO with a small loss in molecular weight, showing it 20 was robust and tolerant, unlike many other zinc catalysts. This was also shown in the high TONs achieved (up to 1700 under 10 atm pressure and a 1:10,000 loading). Substituting the zinc centres with cobalt led to the preparation of cobalt(II) analogues of 11a and 12a (15 and 16 respectively, Fig. 8 ), as well as a mixed valence cobalt(II)/cobalt(III) complex (17 produced with 11a, the main chain transfer agent in this case being trace amounts of water.
2.2) Bimetallic complexes
The high activity of these complexes at low pressures was attributed to the coordinative flexibility of the ligand, and the proximity of the two metal centres, both of which could facilitate a bidentate carboxylate chain binding mode, lowering the energy barrier to CO 2 insertion. 41 The significant increase in activity found by replacing zinc with cobalt could be due to the 10 increased nucleophilicity of the cobalt-carbonate propagating species, and that the rate determining step is likely to be the epoxide ring opening by the nucleophilic carbonate chain. If the rate were dependent on epoxide binding, the more Lewis acidic 17 would be expected to show significantly increased activity.
2.3) Chromium Salen Complexes
15
The first example, in the academic literature, of the use of a chromium complex as a catalyst came from the Holmes research group, who reported a fluorinated chromium porphyrin complex, with a DMAP co-catalyst, which showed a TOF exceeding 150 h -1 for CHO, under harsh conditions (110 °C in scCO 2 (222 atm)). 61 The catalyst system yielded copolymers with a high degree of carbonate linkages and narrow PDIs. In the same year, Jacobsen and co-workers published a patent revealing that chiral chromium salen complexes were viable catalysts for the production of polycarbonates, with PPC being prepared under 1 atm CO 2 20 pressure, however, no further details were provided. 62 The Darensbourg group, inspired by the work of Jacobsen on asymmetric ring opening of epoxides 63 (although, at that time, unaware of the patent), developed the chromium salen (salen = salicylaldimine, see Fig. 9 ) catalysts which showed high activity, stereoselectivity and stability and which have become (together with cobalt analogues) work-horses for this catalysis. Catalyst 18a was active for CHO, but only with a nucleophilic co-catalyst, N-methylimidazole (N-MeIm). 64 The co-catalyst function is generally proposed to be to bind at a site trans to the initiating group, weakening the axial bond and allowing for facile epoxide insertion, although recently both ionic and neutral co-catalysts have also been shown to be involved in the initiation step 30 (vide infra). 18 the co-catalyst trans to the initiating group) yielded [salenCr(N 3 )(epoxide)] at room temperature, however this reaction was an equilibrium that strongly favoured the anionic complexes. This coordination to yield the neutral species [salenCr(N 3 )(epoxide)] and the subsequent epoxide ring-opening were observed using in situ ATR FTIR spectroscopy, by following the different N 3 stretching environments. It was suggested that the displaced anion initiated the copolymerisation by ring-opening the bound epoxide ( Fig. 10 ).
5 Figure 10 . Proposed initiation mechanism with chromium salen complexes and ionic (left) and neutral (right) co-catalysts.
The use of catalyst 18c with bulky nucleophiles, such as N-substituted 1,5,7-triazabicyclo-[4.4.0]-dec-5-enes (TBDs), increased the stereoselectivity of the copolymerisation when using rac-PO. 71 Using N-methyl-TBD (MTBD) as the co-catalyst, ESI-Q-ToF mass spectrometry showed MTBD as a copolymer end-group, suggesting that instead of coordinating to the metal centre, it acted as a nucleophile in epoxide ring opening. As both MTBD and the anionic nucleophile (X=NO 3 -, in this case) can initiate, it was 10 proposed that chains initiate and propagate on both sides of the catalyst (Fig. 10 ). were up to 30 times more active for the copolymerisation of PO and CO 2 than the salen counterparts (20a-d). 72 Unlike the salen complexes, 21a-d did not show an induction time. The difference in the activities was proposed to be due to the sp 3 hybridised amino donors in the salan ligands reducing the electrophilicity of the metal centre, thus facilitating reversible epoxide/DMAP binding. It was proposed that the dissociation and re-association of DMAP and growing chains was essential for high activity, and thus a less electrophilic metal centre produced a more active catalyst. [72] [73] [74] ESI mass spectrometry of copolymers, at low 20 conversions, showed DMAP as a chain end-group, again showing that bases can initiate the copolymerisation and suggesting reversible coordination to the metal centre. The active species was proposed to be [(salan/salen)CrX(DMAP)] (C, Fig. 12 ), a species readily observed using in situ ESI-MS upon the combination of salan complexes and DMAP, a phenomenon that had also been reported using MeIm. 40 The flexible salan ligand formed a pentacoordinate complex that, unlike salen complexes, has the vacant coordination site in an equatorial position of the coordination octahedra (see Fig. 13 for comparable structure with salalen complexes), something that was proposed by Rao with complexes 21a-d and DMAP, but not verified. 15 Half-reduced 'salalen' complexes were active with CHO, e.g. complex 22 and 1 equivalent of [PPN]Cl produced PCHC with a maximum TOF of 230 h -1 , at 70 °C and 34 atm (Fig. 13 ). 41 The copolymers had molecular weights around 8,000, with PDIs 1.10-1.15. MALDI-ToF mass spectrometry revealed both chloride and hydroxyl end groups, suggesting chain transfer reactions with water were responsible for the low molecular weights. Catalyst 22 was remarkably active at reduced CO 2 pressures, giving a TOF of 100 h -1 at 1 atm. This excellent activity, under mild conditions, was attributed to the flexibility of the ligand system, which like 20 the salan complexes and unlike the salen complexes is not held in a rigid plane, and can bind in both axial and equatorial sites. This coordinative flexibility was proposed to facilitate bidentate binding of the growing carbonate chain, reducing the energy barrier to CO 2 insertion and inhibiting decarboxylation, producing copolymers with 99 % carbonate linkages. Figure 13 . Salalen chromium complex and proposed carboxylate coordination modes. 25 A lysine based Cr Salen catalyst, with a longer carbon backbone was considerably less active than conventional salen catalysts with two carbon diimine backbones, producing PCHC with a TOF of 76 h -1 under harsh conditions (80 °C, 45 atm). 75 Ionic liquids, based upon dialkylimidazolium salts (such as 1-butyl-3-methylimidazolium (bmim) bromide), were used as co-catalysts with 7 for CHO copolymerisation. 76 The length of the alkyl chains on the bmim cation affected the activity, with C 12 substituents yielding equivalent activity to [Bu 4 N]Br, albeit at a higher CO 2 pressure. A moderate TOF of 245 h -1 was reported, although this 30 was at 55 atm CO 2 pressure. The substitution of chromium for cobalt in salen catalysts increased both the activity and selectivity for copolymer formation, particularly with PO. The formation of PPC can be complicated by the formation of cyclic carbonate (PC) by-product under 5 thermodynamic conditions; it is notable that CHO has a much reduced tendancy to form cyclic by-product due to the strained bicyclic rings. The first cobalt catalyst (23a, Fig. 14) , reported by Coates and co-workers in 2003, was >99 % selective for PPC formation, with 99 % carbonate linkages and TOFs around 70 h -1 , albeit at high catalyst loadings (200-500:1, PO:cat). 77 With the addition of co-catalysts, the activities were increased significantly. 78 The following year, Coates and co-workers published an excellent study using enantiopure (R,R) complexes 23a, b and e and comparing the influence of the initiating group and co-10 catalyst. 37 In the absence of a co-catalyst the TOFs were dependent on the X group, with highest activities resulting from 23e (90 h -1 , 500:1, PO:23e, 22 °C, 54 atm), this was due to a difference in the initiation period with the different complexes. Using
2.4) Two Component Cobalt Salen Catalysts
[PPN]Cl and at lower loadings, catalyst 23b produced PPC selectivity from rac-PO with a TOF of 620 h -1 , giving a copolymer with a molecular weight of 26,800 and a PDI of 1.13. 37 Using GPC analyses, it was concluded that when the complexes were used alone, one copolymer chain grew per cobalt centre, whereas when the co-catalysts were applied, two copolymer chains grew per 15 cobalt centre (due to initiation from the co-catalyst). Interestingly, the same report studied the stereochemistry (and regiochemistry) using racemic and chiral catalysts/monomers. When S-PO was used instead of rac-PO with 23e, the TOF increased to 1100 h -1 (under the same conditions) and isotactic PPC was produced, highlighting the stereoselectivity of the catalyst. The discovery of cobalt salen catalysts was also covered extensively in the 2007 review. of 205 h -1 . A higher co-catalyst loading also resulted in a decrease in copolymer molecular weight, and in the case of ionic cocatalysts, an increase in cyclic carbonate production; a result in agreement with the findings from chromium salen catalysts. 69 A maximum TOF of 1400 h -1 was observed with one equivalent of [PPN]Cl at 45 °C and 20 atm, giving a copolymer with a M n of 25,900 and a PDI of 1.08, with 97 % copolymer selectivity. As with 18c, ESI-Q-ToF mass spectrometry revealed MTBD was as an initiating group, promoting a mechanism very similar to that subsequently proposed with MTBD and DMAP for chromium 35 ( Fig. 12) where the copolymer chain can dissociate and itself acts as a nucleophile, ring-opening the next metal-bound epoxide. In the case of both neutral and ionic co-catalysts, the molecular weight, and therefore the number of copolymer chains, was dependent on the concentration of the co-catalyst rather than 23c, leading to the suggestion that the two catalyst systems operate via a similar mechanism. It was noted that neither 23c, nor MTBD, showed any activity for the copolymerisation by themselves.
40
Enantiopure complex 24 (Fig. 15 ), in conjunction with DMAP copolymerised PO and CO 2 giving a maximum TOF of 501 h -1 , at 60 °C and 20 atm, producing a copolymer with a M n of 5,400 and a PDI of 1.10. 79 Higher molecular weights were attained at longer reaction times and milder conditions, the highest being 70,000, although this was achieved with a TOF of only 5 h -1 . The catalyst was generally >99 % selective for copolymer production. Using a longer but less bulky carbon backbone, 25 was less active, giving a TOF of 123 h -1 , producing a copolymer with a molecular weight of 11,500 and a PDI of 1.18, under similar 45 conditions. 80 Figure 15 . Cobalt salen complexes. 5 Very recently Nozaki and co-workers have compared a mononuclear Co-salen complex, rac-23f , with a series of di-cobalt salen complexes of varying linker distance (Fig. 14, e.g. 23g) . 81 The most active complex was 23g (n=6) which showed a TOF of 180 h -1 (3000:1, PO:Co, 20 °C, 52 atm), 84% carbonate linkages and a molecular weight of 36,700 (PDI=1.07). This was markedly higher than the mononuclear analogue (c.f. 23f, TOF = 20 h -1 under the same conditions) and also higher than analogues with 10 longer bridge lengths. This dependence of activity on a bimetallic complex, on the bridge length and increased activity at lower loadings indicated a bimetallic mechanism. Curiously, the iso-selectivity and regioselectivity (proportion of Head to Tail (HT) linkages, see Fig. 22 ) was decreased in the bimetallic complexes. On addition of [PPN]Cl (0.5 eq to Co), 23f and 23g showed almost equivalent activities and copolymer properties, indicative of a monometallic active site, regardless of the nuclearity of the catalyst. 
2.5) Single Component Salen Catalysts
In 2006, Nakano et al., reported a novel cobalt salen catalyst with two 'side arms' bearing piperidine and piperidinium groups (26). The protonated piperidinium arm was proposed to prevent cyclic carbonate formation by protonating the copolymer chain upon its dissociation from the metal centre, preventing the back-biting reaction that leads to cyclic carbonate formation (Fig. 16) . 20 This allowed copolymerisation of PO to occur at 60 °C, with only 10 % cyclic carbonate produced. 39 This has since led to the development of several other single component cobalt salen catalysts with specially designed side arms which act as in-built cocatalysts, enabling further improvements in both activity and selectivity. Complex 27, a derivative of catalyst 23c containing two tertiary amine cations on pendant arms, was designed to keep the dissociating anionic growing copolymer chains close to the metal centre. 46 The concept is essentially an intramolecular combination of salenCoX and ionic co-catalyst (such as Bu 4 NX), allowing activity at lower loadings as well as at higher 30 temperatures. The catalyst was active at loadings down to 1:50,000 (27:PO), allowing very high TONs, TOFs and molecular weights as these are related to the catalyst loading. A TON of 14,500 and a TOF of 3,200 h -1 were reported at 1:50,000, at 80 °C and 20 atm, producing a copolymer with a high molecular weight of 53,000 with a PDI of 1.35. The highest molecular weight attained was 95,000, significantly greater than those produced by the two-component systems such as 23c/co-catalyst, which aren't able to function under such low loadings and generally produce copolymers with maximum molecular weights of approximately 30,000. The intramolecular nature of the co-catalyst also allows activity under commercially relevant temperatures (80 °C) whilst maintaining a reasonable selectivity for copolymer formation (84 -100 %), indeed 27 was the first catalyst for PO to give good copolymer selectivity at these temperatures. 5 The replacement of the SiMe 2 groups in the arms with CH 2 groups decreased the activity significantly. 82 However, changing the phenyl R substituent from a bulky t-butyl group to a methyl group enhanced the activity significantly, giving similar activities to 27 under the same conditions. Catalysts 28a-c contain four tertiary amine cations in contrast to the two in catalyst 27. The same structure/activity relationship was observed, with 28c being the most active, producing PPC with a TOF of 26,000 h -1 at 1:25,000
loading, 80 °C and 20 atm; by comparison, under the same conditions 27 gave a TOF of 3,300 h -1 . 28c also showed >99 % 10 selectivity for copolymer formation, even at a loading of 1:100,000, which produced a copolymer a molecular weight of 285,000 with a TON/TOF of 22,000 in one hour. The catalyst was still active at a loading of 1:150,000 and the selectivity was an impressive 96 %. A method was proposed whereby the catalyst could be recovered from the copolymer. This has perhaps two main advantages: Firstly, catalyst costs and waste streams could be significantly reduced. Secondly, metal residue in the copolymer is significantly 15 decreased; residue which can cause discolouration and could raise concerns about potential toxicity. The coloured complex was caught on a short silica pad when the copolymerisation solution was passed through it, giving a colourless copolymer with roughly 1-2 ppm cobalt contamination. The tertiary amine arms were proposed to tether the complex to the silica, before the complex was removed from the silica with NaBF 4 . Addition of two equivalents of 2,4-dinitrophenol enabled regeneration of the catalyst, which showed little reduction in activity even after being recycled five times (the TON remained the same, although the 20 TOF was reduced by 1/3 by the 5 th recovery).
Further NMR, IR and DFT analysis led to the proposal that 28c in fact adopts an unusual structure, with the salen ligand only adopting a bidentate coordination mode and with the imine arms remaining uncoordinated (Fig. 17) . 47 In contrast to this, 28a-b, having bulkier aryl substituents, adopt the usual tetradentate coordination mode (Fig. 16 ). Structural variations of the imine backbone and the aryl substituents showed that bulky groups prevented the formation of the bidentate coordination mode. The
25
'regular' salen complexes were significantly less active for the copolymerisation of PO and CO 2 than those which formed the bidentate structure. NMR studies showed that in coordinating solvents, such as THF or DMSO, two of the four anionic groups were easily dissociated from the metal centre and were replaced by coordinating solvent molecules. The two displaced anions were preposed to be held in the coordination sphere by the cationic side arms. It was proposed that the high activity observed with these bidentate species was due to 'scrambling' of the anionic ligands. The negatively charged cobalt centre was proposed to allow facile neutral/anionic ligand substitution reactions (as demonstrated by NMR). The proposed copolymerisation mechanism involves dissociation of the anionic chain whilst the epoxide coordinates, followed by epoxide ring-opening by the anionic copolymer chain, which is held close to the metal centre by the quaternary 35 ammonium arms (Fig. 17 ). An induction period was observed with some of the catalysts; this was attributed to trace amounts of contaminating water. induction time, suggesting it was less sensitive to water. The copolymer selectivity was also increased to >99 %, giving PPC with an M n of 300,000 and a PDI of 1.31. The copolymers showed a bimodal distribution in the GPC traces, with one copolymer 40 containing two hydroxyl end-groups, and one containing a DNP and a hydroxyl end-group. This clearly showed that water was responsible for some chain-transfer reactions.
A variety of different anions were also trialled to replace DNP, which is potentially explosive and is purchased in its hydrated form because of this. 83 Substitution of DNP in 28d with 2,4,5-trichlorophenolate (TCP), 4-nitrophenolate (NP) and 2,4-dichlorophenolate (DCP) resulted in a slight reduction of TOF (10,000, 8,800 and 8,300 h -1 respectively), with selectivities between 94-96 % and similar PDIs. Use of the homoconjugated pairs [X-H-X] -with these same phenolates gave increased TOFs of 11,000, 16,000 and 13,000, respectively. Analysis of the molecular weights suggested all four anions, as well as the alcohols present in the homocouple initiate the copolymerisation. As NP is not explosive or toxic (unlike the chlorinated phenols) and was the most active, this was deemed to be the best replacement for DNP. The use of Lewis base or tertiary amine co-catalysts attached via a pendant arm was also investigated (Fig. 18 ). 48 The attachment of an anchored TBD group at the 2-position of one phenol donor (c.f. substituents at the 4-position for 27 and 28) via a methylene (29) and propylene (32a-c) link was achieved, as well as the addition of two TBD substituents via propylene linking groups (33). 10 Complexes 32a and 32b were by far the most active of these complexes, with 32b converting PO to PPC with a TOF of 10,880 h -1 at a loading of 1:10,000, at 100 °C and 25 atm. The copolymer selectivity was a remarkable 97 %, even at 100 °C. This high selectivity, even at high temperatures, was proposed to be due to the ability of the pendant groups to stabilise the active Co(III) species against decomposition to an inactive Co(II) species. Unsubstituted cobalt salen complexes are known to have a tendency to be reduced and deactivated in this manner at high temperatures and low CO 2 pressures. It is perhaps also of interest that Co(II) 15 salen species have previously shown good activity catalysts for the coupling of epoxides and CO 2 , producing cyclic carbonates.
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32b was also active under just 1 atm CO 2 pressure, giving an excellent TOF of 265 h -1 . In situ ESI MS analysis of the copolymerisation mixture showed that 29, with the methylene linker, was not as good at stabilising the Co(III) active species, which could explain why it showed very little activity. 31, which features an imidazole group rather than TBD, was also relatively inactive, although it did prevent decomposition to the Co(II) species. This result was perhaps not surprising as N-MeIm 20 deactivated 23c, presumably because it coordinated strongly to the metal centre, inhibiting epoxide binding. 45 33, with two tethered TBD groups, also showed little activity, although it stabilised the Co(III) species, probably due to steric protection of the active site by the two large groups. 30, which features the tertiary ammonium cation showed approximately 2/3 the activity of 32b under the same conditions, gave a TOF of 3860 h -1 , at 80 °C and 20 atm. However, it was later reported as an excellent catalyst for CHO copolymerisation under 1 atm pressure, giving a TOF of 263 h -1 at just 50 °C, and producing a perfectly alternating high 25 molecular weight copolymer (M n = 48,200, PDI = 1.12).
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Elegant mechanistic studies using in situ mass spectrometry suggested that the tethered TBD arm was capable of nucleophilic epoxide ring-opening in an analogous manner to the DMAP and MTBD co-catalysts, forming a tethered MTBD-epoxide adduct (I and II, Fig. 19 ). 71, 72 In situ FTIR spectroscopy showed two carbonate species: one assigned the the growing copolymer chain with the X end-group (IV, V) and the other assigned to a TBD-carbonate adduct (III) whereby CO 2 inserted into species II. Addition 30 of N 2 into the ESI-MS experiment quickly removed this peak, suggesting the CO 2 addition was reversible, explaining why the decarboxylated species (II) was observed in the MS studies instead of (III). It was this labile TBD-adduct which was proposed to stabilise the Co(III) species, associating and dissociating to allow the copolymer chain to grow in the trans position. A related mechanism of association and dissociation of labile groups, coordinated trans to one another at the cobalt centre, was also tentatively proposed for the binary salenCoX/ionic co-catalyst systems, although the intermolecular rather than intramolecular nature means that activity was significantly reduced at low catalyst loadings and higher temperatures, leading to 5 decomposition to an inactive Co(II) species. Finally, a series of salenCoX complexes with a neutral Lewis base substituent on the 4-position of the phenyl ring (neutral analogues of 27) were developed, with different co-ligands. The complexes showed poor activity, with X=NO 3 being the most active, producing PPC with a TOF of 59 h -1 and 95 % selectivity at 45 °C and 30 atm. 3000, PDI = 1.6); a significant result as it was the first example of the copolymerisation at this low pressure. The analogous cobalt porphyrin complex (35, Fig. 20 ), was slightly more active (TOF = 21 h -1 ), under the same high pressure and temperature conditions, and yielded PCHC of slightly higher molecular weight (carbonate linkages >99%, M n = 14,500, PDI = 20 1.13). 87 It was also active under 1 atm pressure of CO 2 and at room temperature (TON = 75, TOF = 3 h -1 , >99 % carbonate linkages, M n = 1500, PDI = 1.11). All the PCHC samples showed bimodal molecular weight distributions. At low conversions, MALDI-ToF mass spectrometry showed chains with two hydroxyl end-groups (proposed to derive from water contamination) and chains with a chloride and hydroxyl end-group. 16 Careful drying of both reagents and apparatus increased the molecular weight of the copolymer (29,600), but the bimodality still remained. In contrast to 40, complex 35 catalysed PO copolymerisation, even 88, 102 30 The PCHC molecular weight decreased on increasing the co-catalyst loading, but in contrast to related salen catalyst system 18b-[PPN]N 3 , cyclic carbonate production was not further enhanced. 69 The increase in cyclic carbonate production in the presence of excess anionic co-catalyst is usually attributed to competition between the anion and the growing copolymer chain to coordinate at the metal centre. It was, therefore, concluded that 36 binds the copolymer chain with a greater affinity than its salen analogue.
2.6) Miscellaneous Ligand and Metal Systems
More recently a modified tmtaa ligand with a sterically hindered substituent was prepared which blocked one side of the Cr(III) 35 complex and thereby showed copolymer chain growth from only one side of the catalyst. 106 A cyclohexyl-bridged bis(β-diketiminato)(amido) lanthanum catalyst 38, at 1 atm and 75 °C, showed a TON of 304 and a TOF of 13 h -1 for CHO and produced PCHC of moderate molecular weight (13,000) and broad PDI (1.6).
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The activity was, however, considerably higher than the well-known zinc BDI catalysts under similar conditions (which showed very low activity under 1 atm) 15 The stoichiometric reaction of those complexes with CO 2 afforded quantitatively the bis(carboxylate) complexes, which were also moderately activite. A range of other cyclopentadienyl lanthanide catalysts were then investigated. 107, 108 However, the most active species reported to date is 37 (Fig. 20) , an o-anisol-substituted β-diketiminate yttrium dialkyl complex. 89 20 GPC in THF with polystyrene standards. e) not specified.
Heterogeneous Catalysts
Zinc glutarate [Zn(O 2 C(CH 2 ) 3 CO 2 )] n is the most widely applied heterogeneous catalyst for the copolymerisation of PO and CO 2 due to its ease of preparation, good productivity and high molecular weight copolymer product. It was generally prepared by 25 reaction between zinc oxide with glutaric acid, in warm toluene followed by azeotropic water removal and vacuum drying at elevated temperature. 113 Various synthetic routes, alternative zinc precursors, stirring methods and additives have been investigated; 113-120 the key factors controlling productivity were the degree of crystallinity and the size of the crystallites. 117 Zinc glutarate has very low solubility and this prevented growth of single crystals for a number of years, however, structural information from a range of spectroscopic and X-ray diffraction techniques indicated a layered structure with carboxylate groups 30 bound at the surface sites. 115, 121 Recently single crystal X-ray diffraction confirmed this hypothesis, the structure showed each zinc centre was tetrahedrally coordinated by four oxygen atoms from different glutarate groups leading to an alternating layered structure of zinc and glutarate ions. 122 Catalyst surface composition analysis indicated unsaturated zinc centres and reversible binding of CO 2 . 115 The crystalline zinc glutarates were typically used at 40-50 atm CO 2 pressure, 60 °C, with excess PO (300:1, PO:Zn glutarate) as the solvent. The copolymerisations were quite slow, with >90% conversion being achieved only after 40 h, 35 however, such high conversions enable PPC to be prepared with high molecular weights. Typical productivities were approx. 70 g PPC/ g Zn, although under optimised conditions this was increased somewhat. 113, 117, 123 The molecular weights exceeded 100,000
and the PDI values were relatively narrow (2-3), perhaps indicating a common surface initiating site. Furthermore, the quality of the copolymer was excellent with only minor contamination from ether linkages or propylene carbonate. 113, 117, 123 Recently, Eberhardt et al. prepared zinc glutarate derivatives from diethyl zinc and glutaric acid, using sub-stoichiometric quantities of the 40 diacid and subsequently reacting with SO 2 to form ethylsulfinate groups. 114 Although these complexes likely had lower crystallinity than conventional zinc glutarate they showed higher productivity (300 g PPC/ g Zn) and equivalent copolymer properties. 114 An excellent review of zinc glutarate catalysts and the materials properties of the PPC has recently been published [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] Many of the reports on the synthesis and application of these species are in the patent literature, 125-127, 130, 131 indeed it is notable that DMCs are also widely applied as epoxide homopolymerisation catalysts. In contrast to the findings for zinc 5 glutarates, the best DMC catalysts were amorphous materials, in some cases highly crystalline materials were completely inactive. 129 The catalyst activities were also highly dependent on the preparation method and additives; it was significant that the catalysts almost always include non-stoichiometric quantities of water, alcohols and/or metal halides. [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] The productivities of the Fe-Zn DMCs tended to be lower for both PO and CHO copolymerisation than the Co-Zn analogues which showed producitivities of 500-1000 g copolymer/g Zn. 128, 129, 132 However, a drawback of these systems was the low CO 2 incorporation, 10 probably because the DMCs are such effective epoxides homopolymerisation catalysts. Thus, the % of carbonate linkages tended to be lower for PPC than PCHC (as PO is easier to homopolymerise), e.g. typical values for PPC are 20-40% whilst those for PCHC can reach 90%. 129, 132, 133 The copolymerisation conditions were harsh, with temperatures in the range 80-130 °C and pressures from 50-100 atm. 128, 129, 132, 133 Finally, the copolymer molecular weights were only moderate (10,000-30,000) with wide polydispersity indices, as would be expected from a catalyst with multiple initiating sites. 128 4 ] catalyst which showed promising copolymerisation activity for PO and CO 2 . 135 The catalyst was well characterised and the best results were obtained using anhydrous samples. 20 Impressive TOFs of 1860 mole PO.(mole Co) -1 .h -1 were obtained and high molecular weight polycarbonate (74,000) was produced, although with rather low CO 2 incorporation. At lower temperatures the activity decreased but the loading of carbonate was increased.
Towards New Materials
4.1) Properties of Polycarbonates
25
With current concerns about the environmental impact of the plastics industry, in terms of resource utilisation and disposal, polycarbonates produced from the copolymerisation of carbon dioxide and epoxides are a promising alternative to petrochemicals. 136 There are a very large range of commercially available and naturally occuring epoxides, from these it could be possible to produce various new polycarbonate materials that could provide suitable properties to address the growing demand for sustainably produced materials. So far, however, only a limited range of aliphatic polycarbonates have been produced, including 30 polyethylene carbonate (PEC), PPC, polybutene carbonate (PBC) and PCHC. Furthermore compared to the widely applied poly(oxycarbonyloxy-1,4 phenylene isopropylidene-1,4phenylene) (from Bisphenol-A -usually known as Polycarbonate), which is partially crystalline, transparent, with a high impact strength (9.1 Ncm -1 ), 137 and a high glass transition temperature (T g = 149 °C)), 137 their moderate thermal stability and facile thermal deformation prevent widespread applications. 124, [138] [139] [140] Table 6 shows some selected thermal and mechanical properties of common polycarbonates produced by the copolymerisation of CO 2 and 35 epoxides, and those of Polycarbonate. Polymers produced by the copolymerisation of CO 2 and epoxides (except Polycarbonate * which is produced by condensation polymerisation. a) Glass transition temperature determined by differential scanning calorimetry (DSC) b) Temperature at which 50 % mass loss is observed determined by 40 thermogravimetric analysis (TGA).
The thermo-mechanical properties of polymers (including glass transition temperature, crystalline melting temperature, tensile, compressive, and flexural strengths, fatigue and impact resistance) are highly dependent on molecular weight, typically levelling off once chain entanglement becomes significant (which generally corresponds to a molecular weight exceeding 20,000). Thus, the properties of aliphatic polycarbonates are highly dependent on molecular weight, a phenomenon which has caused some disparity in the literature values. For example, for PPC, a T g of 26.7 °C was reported for a M n of 26,900 and a value of 42.1 °C at M n of 114,000. 143 These variations were especially apparent at lower molecular weights where the chain end-groups exert a significant influence, thus PCHC with a M n of 1400 had a T g of 52 °C, whilst for a M n of 3500, a T g of 85 °C was reported. 144 For 5 the other copolymers, even at high molecular weight, discrepancies of as much as 30 °C are common (for PEC, values for T g from 5-31 °C were reported). 143, 145 Nevertheless, the low glass transition temperature of most aliphatic polycarbonates is disadvantageous, even if PPC is a potential synthetic elastomer. Despite having a higher glass transition temperature, the tensile properties of PCHC (Table 6 ) remain inferior to the corresponding properties of the Polycarbonate. Three main strategies have therefore been used to try to modify the thermo-mechanical properties of aliphatic polycarbonates: the preparation of stereo-and 10 regioregular copolymers, the use of new epoxide co-monomers and the preparation of terpolymers.
4.2) Asymmetric Copolymerisation
Mono-substituted epoxides, e.g. PO, can be copolymerised in different regiochemistries (Fig. 22) including with the substituents on alternate carbon atoms (Head-Tail, HT) or with the substituents on consecutive carbon atoms (Head-Head, HH, or Tail-Tail, 15 TT, linkages) (Fig. 22) . In addition to this regioregularity, there are different stereochemistries, or tacticities, for the copolymer chain including all the substituents having the same stereochemistry (isotactic) or alternating stereochemistries (syndiotactic) or a random distribution of stereocentres (atactic) (Fig. 22) . Stereo-and regioregularity are desirable as they can increase crystallinity and have the potential to impact properties such as thermal resistance, toughness, stiffness, opacity and density. Significant research has been dedicated to the production of regioregular PPC. One report showed that increasing the degree of HT linkages from 70 to 77% led to an increase in the glass transition temperature from 37 to 42 °C.
146 25 The desymmetrization of meso-molecules, e.g. CHO, with chiral catalysts or reagents is also regarded as a valuable strategy for the synthesis of enantiomerically enriched products. The ring opening of a meso-epoxide proceeds with inversion of one of the stereocentres, so asymmetric ring opening of the epoxide is expected to produce optically active polycarbonates, with either (R,R)-or (S,S)-trans-1,2-cyclohexylene repeat units. In 1999, Nozaki and co-workers were the first to report such a copolymerisation, catalysed by a chiral amino-alkoxide zinc complex 40 (Fig. 23) , and producing optically active PCHC with 30 70% ee (measured by hydrolyzing the copolymer and analyzing the resulting diol using chiral GC) and a T g of 117 °C (a value close to that of atactic PCHC). 147, 148 Coates and colleagues reported a well-defined, chiral Zn oxazoline complex, which showed similar enantioselectivity, but higher activity and excellent control of the molecular weight, producing a copolymer with a T g and T m of 120 and 220 °C, respectively. 13 C NMR assignments). 37 The PPC syndiotacticity was proposed to result from a chain-end control mechanism, with alternate enchainment of (S)-and (R)-PO, depending on the stereochemistry of the catalyst, and through continous chain-exchange reactions. Figure 24 and Table 7 highlights some of the other epoxides that have been tested and the properties of the resultant copolymers, including, where available, the thermal characterisation. The thermal values should be interpreted with some caution due to their dependence on the molecular weight and the proportion of carbonate linkages in the copolymer. The main limitation of these 25 copolymerisations remains the lack of catalytic activity for epoxides other than PO, CHO, EO and BO. Inoue was one of the first researchers to explore the possibility of applying new monomers for the copolymerisation. The copolymerisation of carbon dioxide and trimethylsilyl glycidyl ether (A), using a diethylzinc-water heterogeneous system, produced a readily degradable polycarbonate with a pendant hydroxyl group (obtained via the deprotection of the silyl ether during the work-up of the copolymer) (entry 1, Table 5 ). 151 Limonene oxide (B/B'), an epoxide derived from citrus fruits, was copolymerised using the BDI 30 zinc catalysts at 25 °C and 7 atm to yield a copolymer with moderate molecular weight (10,800) and a high T g (111 °C).
4.3) Copolymerisation of CO 2 and Other Epoxides
152
Another interesting copolymerisation involved end-capping a polycaprolactone chain with an epoxy group (L) and using the copolymerisation with CO 2 to cross-link the copolymers, producing hyperbranched materials.
153 Figure 24 . Selected other monomers used in CO 2 copolymerisation reactions (see Table 7 ). 
4.4) Terpolymerisations
Another way to adjust copolymer properties is to copolymerise CO 2 with two different epoxides, this has been accomplished either simultaneously (terpolymerisation) or sequentially (block copolymersation) (Table 8 ). In contrast to the brittle behaviour of PCHC (elongation at break of 1-2%), PPC has good flexibility (elongation at break between 600 and 1200%), but its low T g 45 °C) limits its use. To try to address this, terpolymerisations of PO, CHO, and CO 2 have been undertaken, however, until 2006 only limited success was achieved mainly because of the different rates of polymerisation (leading to copolymers with high degrees of compositional drift). Bis(2,6-difluorophenoxide)zinc catalysts were tested, at 55 °C and 41-48 atm, with equimolar quantities of PO and CHO, but the resulting copolymer was mostly composed of cyclohexene carbonate linkages (85% PCHC, 12% PPC and 3% polypropylene ether) and the main side-product of the reaction was cyclic propylene carbonate. 27 As a result of 20 the low incorporation of PPC, the T g was reduced from 115 °C for PCHC to 102 °C for the terpolymer. In addition, the formation of PC, which is a better ligand for zinc than epoxides, seriously hindered the catalytic activity. 141 In addition, the PO mole fractions in the feed vs the % of PC linkages in the terpolymers were in sufficient agreement to enable Fineman-Ross plots to be used to determine the monomer reactivity ratios.
There was a linear dependency between the terpolymer T g and the proportions of the third monomers used, thus enabling tuning of the T g between -15 and 32 °C for CO 2 /PO/HO terpolymers, and between 9 and 33 °C for CO 2 /PO/BO terpolymers. Finally, epoxides and CO 2 have been coupled with monomers other than epoxides, including maleic anhydride, 160 ε-caprolactone, 164, 165 γ-butyrolactone, 163 rac-and (S,S)-lactide, 161 or diglycolic anhydride. 162 So far, no catalyst system has been able to produce a perfectly alternating terpolymer, but block terpolymers have shown some interesting physical properties, e.g. degradability.
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Conclusions
The copolymerisation of CO 2 and epoxides is a promising route to prepare new sustainable copolymers and materials. The success 10 and viability of the copolymerisaiton is critically dependent on the catalyst. Although the reaction has been known for more than 40 years, it has not yet received the intensive research efforts of related polymerisation catalyses (e.g. olefin polymerisation). Significant efforts have been devoted, by a number of academic groups, to the preparation and study of various homogeneous catalysts for the reaction. Recent kinetic studies have indicated that two leading ligand types, the salen (without co-catalyst) and β-diiminate, lead to catalysts which show bimetallic active sites. This has led to the deliberate preparation of various bimetallic 15 complexes, some of which have shown improved productivities, activities and stabilities vs monometallic analogues. However, our own work, and that of others, has shown that it is not only the bimetallic active site which is important but also the nature of the ancillary ligand. Metal salen complexes have an excellent precedent for this catalysis and recently a number of related derivatives, including reduced salalens and salans, have led to some improvements. The most active and selective metal salen complexes are Cr(III) and Co(III) species; recent developments and insights using these catalysts have been presented. Nozaki and 20 co-workers reported the preparation of single component metal salen complexes, species where the co-catalyst is bound to the salen ligand via a saturated linking group. These species, and closely related reduced derivatives, have shown significant improvements in activity and stability vs the two component systems. Finally, a number of new ligand types and metal centres, including lanthanides, have shown some activity. Also, a number of groups, including our own, have reported catalysts which are active under very mild conditions, including at just 1 atm pressure of CO 2 . Such catalysts are able to improve the energy balance 25 (and hence the net CO 2 consumption). There is significant scope for both more detailed kinetic and mechanistic studies of known catalysts and the development of new catalysts. In particular, the range of active metal centres is still surprisingly narrow and there is much scope for the development of new catalysts using inexpensive and abundant metal centres. In addition, the range of successful ancillary ligands is also narrow, with many reports focussing on deriatives of β-diiminate or salen ligands: there is much scope to move beyond these systems. The research field needs improved understanding of the copolymerisation kinetics and 30 mechanism, which can only come from more detailed studies using homogeneous catalysts. Finally, the potential to develop new materials from more selective and active catalysts will open up the applications for this type of polycarbonate. Heterogeneous catalysts have received significantly less attention, despite the excellent stabilities and good productivities they can show. The range of heterogeneous species could be widened and the development of methods to support homogeneous catalysts could facilitate catalyst recycling/removal.
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Aliphatic polycarbonates are currently niche products, due in part to cost but also to the limited range of materials properties. The recent development of catalysts that enable the controlled synthesis of block and random terpolymers and control of stereo and regiochemistry is of great interest. This research area must continue to be developed in order to understand the structureproperty relationships of aliphatic polycarbonates. In particular, the development of sustainable polymers, including polycarbonates, with improved thermal and mechanical properties could enable the replacement of engineering thermoplastics and 40 open up large potential markets.
